Pit membranes in bordered pits between neighbouring vessels play a major role in the entry of air-water menisci from an embolised vessel into a water-filled vessel (i.e., air-seeding). Here, we investigate intervessel pit membrane thickness (T PM ) and embolism resistance (P 50 , i.e., the water potential corresponding to 50% loss of hydraulic conductivity) across a broad range of woody angiosperm species. Data on T PM and double intervessel wall thickness (T VW ) were compiled based on electron and light microscopy. Fresh material that was directly fixated for transmission electron microscopy (TEM) was investigated for 71 species, while non-fresh samples were frozen, stored in alcohol, or air dried prior to TEM preparation for an additional 60 species. T PM and P 50 were based on novel observations and literature. A strong correlation between T PM and P 50 was found for measurements based on freshly fixated material (r = 0.78, P <0.01, n = 37), and between T PM and T VW (r = 0.79, P <0.01, n = 59), while a slightly weaker relationship occurred between T VW and P 50 (r = 0.40, P <0.01, n = 34). However, non-fresh samples showed no correlation between T PM and P 50 , and between T PM and T VW . Intervessel pit membranes in non-fresh samples were c. 28% thinner and more electron dense than fresh samples. Our findings demonstrate that T PM measured on freshly fixated material provides one of the strongest wood anatomical correlates of droughtinduced embolism resistance in angiosperms. Assuming that cellulose microfibrils show an equal spatial density, T PM is suggested to affect the length and the shape of intervessel pit membrane pores, but not the actual pore size. Moreover, the shrinking effect observed for T PM after dehydration and frost is associated with an increase in microfibril density and porosity, which may provide a functional explanation for embolism fatigue.
INTRODUCTION
Bordered pits in water conducting cells have played an important role in the evolution of vascular plants, allowing long-distance water transport with reduced resistance for hydraulic connectivity between neighbouring conduits. At the same time, bordered pits prevent the entry of air bubbles and pathogens from an embolised, air-filled conduit into a functional, water-filled conduit (Zimmerman & Brown 1971; Choat et al. 2008; Schenk et al. 2015) . In angiosperm wood, bordered pits represent minute openings in the secondary cell wall of vessels and tracheids, characterising all water conducting cells (Sano et al. 2011) . Contrary to perforation plates, bordered pits show no opening in the primary cell wall. Instead, a pit membrane, which is surrounded by overarching parts of the secondary wall, separates the pit chambers of a bordered pit pair. Two neighbouring vessel walls may share thousands of bordered pits in their joint intervessel walls.
The micromorphology and chemical composition of intervessel pit membranes has been studied in various angiosperm species (Schmid & Machado 1968; Catesson 1983; Jansen et al. 2009 ). Earlier studies showed that intervessel pit membranes mainly consist of cellulose microfibrils, while non-cellulosic components are removed by autolytic enzymes during the final stages of vessel element differentiation (O'Brien 1970; Plavcová & Hacke 2011; Kim & Daniel 2012 Herbette et al. 2015; Klepsch et al. 2016) . Additional coating of unknown substances deposited on the pit membrane, however, has been observed in several species, but remains poorly explored (Wheeler 1981; Pesacreta et al. 2005; Schmitz et al. 2008) . A granular appearance of the intervessel pit membrane was found in Mallotus japonicus using cryo-SEM, but whether this is characteristic of the native status is unknown (Roth-Nebelsick et al. 2010) . Moreover, angiosperm pit membranes are typically homogeneous, i.e., the actual pit membrane has a constant thickness, although some torus-bearing pit membranes occur in angiosperms Dute et al. 2012; Dute 2015) .
Functional interpretations of the structural and chemical composition of pit membranes remain poorly understood in relation to hydraulic efficiency and safety (Gleason et al. 2015) . The 25-fold variation in intervessel pit membrane thickness (T PM , nm) and the observed differences in their electron density may have considerable implications for water transport (Schmid & Machado 1968; Jansen et al. 2009; Lens et al. 2011; Schenk et al. 2015; . Air-seeding in particular, which involves the entry of an air-water meniscus through minute pores in a pit membrane between an embolised and a functional conduit, is likely to depend on the ultrastructure and chemical composition of intervessel pit membranes Meyra et al. 2007; Schenk et al. 2015) . There is convincing evidence that air-seeding represents the main mechanism for embolism formation under drought stress when the xylem tensions become high due to low soil moisture and high atmospheric evaporative demand Tyree et al. 1994; Pockman et al. 1995; Brodersen et al. 2013 ).
Resistance to drought-induced embolism is typically measured in vulnerability curves, which quantify the loss of hydraulic conductivity over a certain range of water potentials . The water potential (MPa) corresponding to 50% loss of hydraulic conductivity represents the P 50 value, and is reported to show considerable variation, varying from > -1 MPa in species that are highly vulnerable to embolism, to < -5 MPa in embolism-resistant species (Maherali & Pockman 2004) . Variation in P 50 values across a broad range of species and ecological environments shows that embolism resistance is strongly associated with ecological distribution patterns (Brodribb & Hill 1999; Choat et al. 2012) .
In addition to air-seeding, conduit walls need to provide sufficient mechanical strength to avoid potential implosion of their walls under tension, especially if a waterfilled conduit abuts an air-filled one (Sperry 2003) . It has been suggested that the thickness of the total cell wall (T VW , µm) plays an important role in preventing implosion of the conduit wall, although this correlation is also determined by the maximum conduit diameter (Hacke & Sperry 2001) . A positive and significant correlation between T PM and T VW for 26 angiosperm species suggests that there could be developmental coordination between T PM and T VW Lens et al. 2011) . This correlation provides a functional explanation for the relationship between wood density and embolism resistance (Hacke et al. 2001a; Chave et al. 2009; Lens et al. 2013 ), but could also be associated with alternative hypotheses such as the occurrence of microcracks or ruptures in the conduit wall that may result in embolism. Nevertheless, observations of conduit wall implosion are limited to a few conifers that show an extremely weak degree of lignification during drought stress (Barnett 1976; Donaldson 2002) . For angiosperms, the implosion of vessel walls most likely exceeds air-seeding pressure by a safety factor of approximately two (Sperry 2003) .
T PM has been suggested to affect the size and the shape of the geometrically complex pores between cellulose microfibrils, which according to the Laplace-Washburn equation determine the air-seeding pressure (Tyree & Zimmerman 2002; Jansen et al. 2009; Lens et al. 2011; Schenk et al. 2015) . Measurements of the pit membrane porosity in non-aspirated pit membranes under natural, native conditions, however, are technically challenging and subject to artefacts (Choat et al. , 2008 Sano et al. 2005) . Moreover, the size of the pit membrane pores may depend on the spatial density of the cellulose microfibrils. SEM and atomic force microscopy suggest that pit membrane microfibrils are between 20 and 50 nm in width, although microfibrils can be arranged in pairs (Pesacreta et al. 2005; Jansen et al. 2009 ). The distance between microfibrils, however, is highly variable in wet pit membranes, ranging from a maximum of c. 300 nm to 100 nm, while microfibrils are highly compressed in dried pit membranes with a height of c.1.5 nm to 4.5 nm (Pesacreta et al. 2005) . Therefore, microfibrils are much more compact and less loosely arranged in dried pit membranes compared to wet pit membranes (Pesacreta et al. 2005; Jansen et al. 2008) . T PM was found to be 1.44 (± 0.25) times thicker in defrosted wood samples of nine species of Prunus as compared to air-dried material (Scholz et al. 2013a) , although the potential effect of freezing on TPM in woody plants remains unclear.
The number of microfibril layers and therefore T PM is likely to affect the length of the tortuous and irregularly shaped pores that air-water menisci need to cross before embolism formation may occur in a neighbouring vessel. This paper aims to explore the functional link between T PM and P 50 in angiosperm xylem across a large number of species, including a few vesselless angiosperm species. Based on earlier findings Lens et al. 2011; Scholz et al. 2013a; Schuldt et al. 2016) , we expect that T PM and P 50 are related to each other, with species having low T PM values being more vulnerable to drought-induced embolism than species with high T PM . Both TEM and scanning electron microscopy (SEM) were applied as complementary methods to obtain data on T PM and general pit membrane morphology. We also expect that T PM is positively correlated with T VW . A functional explanation for the T PM -P 50 relationship will be discussed based on the effects of T PM on the size, shape, and length of intervessel pit membrane pores.
MATERIAL AND METHODS

Plant material
All plant material included branches that were less than 2 cm in diameter, typically collected at a height that could easily be reached from the ground (i.e., below 2 m). In most cases, the branches were two to five years old, with few branches up to 10 years. Samples were collected across the whole year, and seasonal effects were not considered in this study. Both woody shrubs and trees were sampled. The pit membrane ontogeny was investigated in detail in Liriodendron tulipifera L. in order to observe developmental differences in pit membrane electron density and T PM .
Samples were collected at various places worldwide, but mainly in temperate and Mediterranean environments of Europe and Northern America. Main sampling locations included the Royal Botanic Gardens, Kew (Surrey, UK), the botanical gardens of Ulm University (Germany), Clermont-Ferrand (France), Salt Lake City (USA), and places in California, North Carolina, Georgia, and Texas (USA) previously described by Schenk et al. (2008) . No samples from tropical plants were included. Based on general distribution patterns, species with freshly embedded samples were grouped into those from a temperate (n = 49 species) and Mediterranean environment (n = 18 species).
Two different sets of plants were considered: 1) plants for which the anatomical and P 50 measurements were based on the same or different individuals growing at the same location (i.e., similar population and similar environment; n = 99 species), and 2) plants for which our measurements were based on individuals growing at different locations (n = 30 species). Data for at least two of the three parameters studied (i. e., T PM , T VW , and P 50 ) were available for 142 samples, belonging to 128 species, 75 genera and 29 different angiosperm families, including 9 vesselless angiosperm species. Preference was given to data available from specimens growing at the same location, and therefore additional data (especially P 50 ) for specimens of the same species growing at different locations were discarded.
Transmission electron microscopy
T PM was measured on images taken with a transmission electron microscope (TEM). Prior to TEM preparation, we distinguished the following three sample categories: 1) freshly cut plant material (n = 71 species), 2) plant material preserved by air-drying (n = 18 species) or storage in 50% ethanol (n = 1 species, including 18 specimens of Fagus sylvatica), and 3) samples that were kept in a freezer at -20°C for some time, varying from several weeks to several months (n = 51 species). In general, one sample per species was studied for T PM and T VW .
In order to look at the potential effect of long-term freezing of non-dried wood samples on T PM , we measured T PM on wood samples that were frozen at -20°C for a short period (1 to 2 weeks), and material from the same branches that was frozen for more than one year. This comparison was done for material of five Rosaceae species collected in Utah (USA), including Rubus leucodermis, R. parviflorus, Physocarpus malvaceus, Amelanchier alnifolia, and A. utahensis. Direct comparison of both freshly fixated and frozen samples were available for four species, namely Acer negundo, A. platanoides, A. pseudoplatanus and Fagus sylvatica.
The TEM techniques applied followed a standard preparation protocol Scholz et al. 2013a; Li et al. 2015) . Briefly, the branch material was debarked, and small slivers were cut from the last two growth rings. Special care was paid to keep the samples wet with tap water, avoiding dehydration. The slivers were then cut into c. 1 mm 3 blocks and fixed in a formaldehyde-glutaraldehyde fixative (Karnovsky 1965) or a standard fixative (2.5% glutaraldehyde, 0.1 mol phosphate, 1% saccharose, pH 7.3). Then, samples were washed in a 0.05 to 0.2 M phosphate buffer and postfixed with 1 or 2% buffered osmium tetroxide for 2 to 4 hours at room temperature. The samples were then washed with a buffer solution, and dehydrated with a gradual ethanol series (30%, 50%, 70%, 90%, 100%). Samples were embedded using LR resin (London Resin Co., Reading, UK) or Epon resin (Sigma-Aldrich, Steinheim, Germany) at 60°C. Transverse, semi-thin (c. 500 nm thick) sections were cut from the embedded samples with a glass knife, stained with 0.5% toluidine blue in 0.1 M phosphate buffer, and mounted on slides with Eukitt or DPX (Agar Scientific, Stansted, UK). A diamond knife was used to cut ultrathin (60 to 90 nm) transverse sections, which were dried on 300 mesh copper grids or Formvar girds (Agar Scientific, Stansted, UK). Several grids were prepared for each TEM sample. In general, one grid was left untreated, while the other one was manually counterstained with uranyl acetate and lead citrate to enhance contrast. Observations were conducted with a JEOL 1210 and a JEOL 1400 TEM (JEOL, Tokyo, Japan).
TEM images were taken with a digital camera, including a minimum of 15 bordered intervessel pits per species. In some species, tracheary elements were difficult to identify on a transverse section due to the morphological continuum between narrow, tracheid-like vessel elements and similar-sized tracheids (Jansen & Nardini 2014) . In that case, measurements were based on tracheary elements that had a considerably larger diameter than tracheids. In addition, the wall thickness was taken as a second criterion and considered to be typically larger in tracheids compared to vessel elements. However, it cannot be fully excluded that some measurements were based on tracheids instead of vessel elements.
Scanning electron microscopy
SEM preparation was applied according to a standard protocol ). In general, fresh (i.e., wet) wood samples were split in a tangential plane, airdried at room temperature, coated with platinum, and observed with a Hitachi cold field emission SEM S-4700 (Hitachi High Technologies Corp., Tokyo, Japan) at 2 kV or lower. In addition, treatment of SEM samples with acetone, ethanol, or domestic bleach was applied to various species in order to obtain more details about the pit membrane porosity as well as the size and orientation of cellulose microfibrils .
Anatomical measurements
ImageJ software (National Institutes of Health, Bethesda, Maryland, USA) was applied to measure T PM . As T PM may vary within a single pit membrane, at least three measurements per pit membrane were taken, i. e., near both sides of the pit membrane annulus, and in the centre. Aspirated pit membranes were excluded in our T PM measurements as they may become thinner than non-aspirated pit membranes Tixier et al. 2014) . A minimum of 15 pits were measured, which was feasible for the majority of species, although the high number of isolated vessels and therefore the lack of intervessel walls in TEM grids was challenging for various species. For Amelanchier utahensis and Rhamnus crocea, T PM measurements were based on 10 intervessel pit membranes only (and in the case of vesselless Amborella trichopoda on 10 inter-tracheid pits). Novel T PM data were obtained for 77 species, while data for 61 species were retrieved from the following references: Jansen et al. (2009 Jansen et al. ( , 2011 , Lens et al. (2011 , Scholz et al. (2013a) , Tixier et al. (2014) , and Schuldt et al. (2016) .
Measurements of T VW were based on the same TEM samples as used for measuring T PM , or on semi-thin sections using light microscopy. Therefore, all T PM and T VW measurements were based on the same samples, except for Carpinus betulus and Populus tremula. T VW was based on at least 20 measurements per species and included the thinnest part of two neighbouring vessel walls, which was generally in the middle and excluded the thicker vessel wall corners (Scholz et al. 2013b ).
Embolism resistance
The material for P 50 measurements were based on seedlings and branches of adult trees, including typically five individuals per species. Values of P 50 were based on published (n = 76 species, including 28 papers) and unpublished (n = 28 species) data. When P 50 values were not directly provided in a paper, the programme Digitizelt (version 2.1.3; European Organization for Nuclear Research, Switzerland) was used to extract data from published graphs. P 50 values were based on the bench dehydration technique (n = 10 species), centrifuge techniques, including the cavitron and the static centrifuge method (n = 84 species), air-injection (n = 5 species), X-ray computed tomography (n = 2 species), and acoustic emission method (n = 3 species).
The following criteria were used to obtain P 50 data in case several references were available. Firstly, priority was given to P 50 values for specimens growing at the same site as the material for T PM and T VW . Secondly, bench dehydration and centrifuge methods were prioritised over the air-injection and acoustic emission method in order to avoid methodological bias. However, literature data on embolism resistance for a few species in our dataset were highly variable. For Laurus nobilis, for instance, P 50 values varied from -1.7 MPa based on bench dehydration (Hacke & Sperry 2003) to more negative values around -7 MPa based on high resolution computed tomography . In this case, we took an estimated P 50 value based on Cochard et al. (2015) to exclude an open vessel artefact for this long-vesseled species. Overall, only three ring-porous species (Quercus robur, Fraxinus ornus, and Robinia pseudoacacia) with long earlywood vessels were included. For a few species (e.g. Triadica sebifera, Arbutus unedo), the reported P 50 values could not be tested for an open vessel artefact due to the lack of data on the maximum vessel length. In this case, we decided not to include these species in our analyses.
While careful comparison of hydraulic measurements and imaging techniques would be required to resolve current controversies related to the shape of vulnerability curves , excluding any potential bias in selecting P 50 values for a few species was impossible. Nevertheless, the number of controversial species, such as Laurus nobilis, Vitis vinifera, Robinia pseudoacacia, and Olea europaea (Cochard et al. 2005; Choat et al. 2010; Wang et al. 2014; Torres-Ruiz et al. 2014; Hacke et al. 2015) represented less than 5% of all species for which P 50 values were available. This low number of species was thus unlikely to have serious effects on the T PM -P 50 relationship.
Statistics
Separate analyses were conducted for freshly vs non-freshly embedded samples, as well as for measurements based on individuals growing at the same location (including samples from the same specimen), specimens growing at different locations, and specimens from all locations. Statistical analyses were performed in SPSS Statistics (version 21, IBM Corp. Armonk, NY), and significance tests were based on a 0.05 level. Correlation analysis was done by two-tailed Pearson's tests.
RESULTS
The ultrastructure of intervessel pit membranes
Intervessel pit membranes as viewed under SEM showed a variable appearance, from granular (Fig. 1A) to smooth (Fig. 1B) , and from highly porous (Fig. 1C, D) to non-porous (Fig. 1B) . The porosity of the pit membranes may vary within a single pit membrane (Fig. 1C) , and special care should be taken to observe if any layer of the intact pit membrane has been peeled off during SEM preparation (Fig. 1B) . Partial aspiration of the pit membrane could result in artificial differences in porosity (Fig. 1C) , and in partial exposure to chemicals during SEM preparation. The pit membrane annulus can be seen as a slightly thicker, non-porous structure near the pit border (Fig. 1B, D) .
In general, pit membranes that look porous under SEM appear to be thinner than non-porous pit membranes. However, preparation artefacts caused by the observation of dried pit membranes suggest that pit membrane porosity as viewed with SEM does not reflect the porosity of a natural, wet pit membrane in functional, water-filled conduits.
T PM showed a large variation across the species studied, with the highest value in the fresh sample of Acacia pataczekii (T PM = 1,184 ± 443 nm, n = 30), and the lowest value in the dried sample of vesselless Tetracentron sinense (T PM = 60 ± 32 nm, n = 25). There was no significant difference in T PM values from fresh samples between species with (n = 7) and without (n = 60) vestured pits (Mann-Whitney test, U = 208, P = 0.97).
TEM observations showed two different types of pit membranes: 1) those that are electron transparent, with characteristic black dots in a loosely arranged mesh of highly transparent microfibrils ( Fig. 2A, C, 3C, F) , and 2) dark, electron dense pit membranes (Fig. 2B, D, 3E ). Transparent pit membranes were frequently observed to be thicker ( Fig. 2A, C) than dark pit membranes (Fig. 2B, D) . When pit membranes were aspirated, they frequently became thin and electron dense, showing a typically dark outline on the outermost layers of the pit membrane (Fig. 2B, D) .
Early developmental stages of intervessel pit membranes in Liriodendron tulipifera showed dark, electron dense pit membranes in living vessels (Fig. 3A, B) . During cell autolysis, however, the pit membrane became transparent (Fig. 3B, C) , while the thickness of the membrane did not change considerably. The electron density of the pit membrane annulus was similar to the primary cell wall. Intervessel pit membranes that occurred in the growth ring of the previous year were often thinner, showing a dark, outermost layer on both sides of the pit membrane (Fig. 3D) . Moreover, pit membranes in L. tulipifera that are more than one year old, appeared to be thinner than those in the current year.
Shrinking effects of intervessel pit membranes
There was a clear difference in T PM between samples that were based on fixation of fresh material and non-fresh samples. Drying and alcohol treatment appeared to have a considerable effect on T PM , while freezing effects depended on the duration of the treatment. Long-term versus short-term freezing at -20°C resulted in a significant shrinkage (61% ± 16% SD) of T PM for samples from the same branches (t test, P < 0.05, n = 5 species).
For material from different species, the mean T PM for all fresh samples was 315 nm ± 221 (n = 67), while non-fresh samples had a mean T PM of 227 nm ± 108 (n = 70). Therefore, T PM values were on average 28% lower for the non-freshly embedded samples compared to freshly embedded samples. Based on a Mann-Whitney U test, this difference in T PM between fresh and non-fresh samples showed marginal significance (n = 137, U = 1902, P = 0.056). 
Relationships between T PM , T VW and P 50
The relationships between T PM , T VW and P 50 were summarised in Table 1 . There was considerable variation in P 50 values among the species studied: the most embolism resistant species being Ceanothus cuneatus (P 50 = -9.5 MPa), while the most vulnerable species was Alnus incana (P 50 = -1.3 MPa). Table 1 . Correlation matrix for intervessel pit membrane thickness (T PM ), intervessel wall thickness (T VW ), and embolism resistance (P 50 ) for both fresh and non-fresh samples from all locations, the same location, and different locations. Non-fresh samples were frozen, dried, or stored in alcohol prior to TEM embedding. Significant correlations (P < 0.05) are indicated with an asterisk, r represents the correlation coefficient, and n is the number of species analysed. There was a significant correlation between T PM and P 50 for fresh samples from different locations and from the same location (r = 0.79, P < 0.01, n = 18, and r = 0.81, P < 0.01, n = 19, respectively; Table 1 ). This T PM -P 50 relationship was equally strong when analysing all fresh samples from all locations (r = 0.78, P < 0.01, n = 37; Table 1 , Fig. 4A ). Outliers in this T PM -P 50 relationship were Olea europaea and Sorbus aria, which both showed mean T PM values above 600 nm. One of the most embolism resistant species, Sorbus aria (P 50 = -5.66 MPa), had relatively thick pit membranes (T PM = 678 ± 210 nm), while one of the most embolism vulnerable species, Salix alba (P 50 = -1.5 MPa), had very thin pit membranes (T PM = 71 ± 15 nm). For the non-fresh samples, there was a significant relationship between P 50 and T PM in all air-dried samples (r = 0.64, P = 0.01, n = 14, including 10 Prunus species from Scholz et al. 2013a , and four species of vesselless angiosperms). However, no T PM -P 50 relationship was observed between the two when analysing all frozen samples, or merging all non-fresh samples together (Fig. 4B) , and no difference was found for samples from different or similar locations. Smaller datasets based on similar sample preservation methods (i. e., air-drying, freezing, and ethanol storage) showed significant T PM -P 50 relationships as illustrated previously Scholz et al. 2013a; Schuldt et al. 2016) .
T PM was positively and significantly scaled with T VW for fresh samples from all locations (r = 0.79, P < 0.01, n = 59), and equally significant for fresh samples from different locations, and from the same locations (Table 1) . However, no correlation was found between T PM and T VW for non-fresh material for all locations (r = 0.18, P = 0.26, n = 43).
T VW was not correlated with P 50 for all samples (r = 0.11, P = 0.38, n = 69), but there was considerable variation in this relationship depending on whether or not fresh or non-fresh samples were considered, and whether samples were from similar or different locations (Table 1 ), indicating that T VW alone was not associated with P 50 . T VW showed a considerable variation, varying from 12.5 µm (± 1.0 SD) in fresh samples of Triadica sebifera to 1.53 µm (± 0.36 SD) in frozen samples of Ilex opaca.
Furthermore, species from a temperate environment showed significantly lower T PM values than those from a Mediterranean environment (Fig. 5) , with mean values of 598 nm (± 55 SD) and 211 nm (± 12 SD), respectively. (Fig. 4B) . A strong relationship between T PM and P 50 was found for fresh samples (A), but not when merging all non-fresh samples together (B). T PM and intervessel wall thickness (T VW , µm) are positively correlated for fresh samples (closed circles, n = 59 species, Fig. 4C ). P 50 and T VW (µm) show a non-significant correlation for all samples, including freshly embedded samples (closed circles, n = 34 species) and non-fresh samples (open triangles; n = 35 species) (Fig. 4D) . Each dot represents one sample, lines show linear regressions, and r represents the correlation coefficient. 
DISCUSSION
Intervessel pit membrane thickness predicts embolism resistance
The key result of this study is that T PM based on freshly embedded material represents a strong predictor of drought-induced embolism resistance (P 50 ) in angiosperm xylem across a broad taxonomic range of species from both temperate and Mediterranean environments (Fig. 4A) . As far as we know, T PM is likely to be the most direct wood anatomical feature associated with air-seeding that is relatively easy to measure. Other wood anatomical features associated with P 50 in angiosperms, such as the pit aperture area, depth of the pit chamber, vestured pits, wood density, vessel size, and vessel arrangement, appear to show weaker correlations with P 50 than T PM Choat et al. 2004 Choat et al. , 2008 Lens et al. 2011) . Although the T VW -T PM relationship (Fig. 4C ) confirms the developmental relationship between primary wall thickness and secondary wall thickness ), T VW is not correlated with P 50 (Fig. 4D) .
The finding that thick pit membranes show higher embolism resistance than thin pit membranes is in agreement with earlier findings based on smaller datasets of angiosperms Lens et al. 2011; Scholz et al. 2013b ) and ferns (Pittermann et al. 2011; Brodersen et al. 2014) . For gymnosperms, a decrease in torus thickness associated with greater embolism resistance was found for three species of Pinaceae (Hacke & Jansen 2009 ), while more negative P 50 values were correlated with a substantial thickening of the torus across seven Cupressaceae species (Pittermann et al. 2010) . The best anatomical correlate of embolism resistance in gymnosperms appears to be the proportion of torus-aperture overlap (Pittermann et al. 2010; Bouche et al. 2014 Bouche et al. , 2015 .
The quality of intervessel pit membranes appears to be at least as important in determining P 50 as the quantity of intervessel pit membranes (Wheeler et al. 2005) . Although the rare pit hypothesis has been confirmed for a large group of diverse angiosperms and ferns (Hacke et al. 2006 (Hacke et al. , 2007 Christman et al. 2009 Christman et al. , 2011 Brodersen et al. 2014) , the amount of intervessel pit membrane area does not appear to explain variation in P 50 within closely related species within a genus or family such as Prunus, Acer, and Betulaceae Scholz et al. 2013a; unpublished data Z. Karimi) .
Similar results for the T PM -P 50 relationship were found for freshly fixated samples from the same location (including the same specimen) and those from different locations, suggesting that intraspecific variation might be lower than interspecific variation, and that potential intraspecific variation does not affect the T PM -P 50 relationship. However, T PM increased by 15% in Fagus sylvatica trees on uniform soil at six locations along a rainfall gradient (from 855 to 594 mm yr -1 ), with T PM significantly correlated with P 50 at the plot level (Schuldt et al. 2016) . Similarly, although embolism resistance was not measured, specimens of the Pteris quadriaurita that were growing in areas with clear difference in evaporative demand showed significant differences in T PM (Klepsch et al. 2016) .
Moreover, intraspecific variation in T PM and its phenotypic plasticity deserve further research. There is a lack of documentation on the variability of bordered pits in different organs within woody angiosperm plants, including roots, the main stem, and terminal branches (Bonner & Thomas 1972; Sano & Fukazawa 1994; Sano 2005; Schmitz et al. 2008) . Also, it is unclear to what extent abiotic factors such as irradiance, temperature, drought, or nutrient availability may influence T PM . T PM was found to be significantly thinner in shaded hybrid poplar seedlings compared to sun-exposed seedlings . It would also be useful to investigate additional species from tropical biomes and various growth forms, and especially species with a high embolism resistance (i.e., P 50 < -5 MPa).
A functional explanation for the T PM -P 50 relationship is that T PM may affect the size, length, and shape of the pit membrane pores. Based on the Laplace-Washburn equation, the pore size has a direct effect on the air-seeding pressure between a functional and a non-functional vessel. Besides the pore size, the complex geometries of these fibrous pores will depend on the spatial density and three-dimensional arrangement of cellulose microfibrils, which is highly variable in wet pit membranes as shown based on AFM observations (Pesacreta et al. 2005) . Assuming that the density of microfibrils in fresh samples that have not been subjected to drought or frost is more or less similar, the large variation in T PM across angiosperm species may suggest that the length of the pathway that air-water menisci have to cross through an intervessel pit membrane is more important for determining air-seeding than the actual pore size.
While cellulose microfibrils are highly transparent under TEM, intervessel pit membranes become clearly visible after staining with OsO 4 due to the occurrence of "black dots". The chemical identity of these electron dense particles remains currently unknown, but is unlikely to be caused by osmium particles or by contrasting agents such as uranyl-acetate and lead-citrate (S. Jansen, pers. observation). Measuring the distance between cellulose microfibrils, however, is difficult. TEM images suggest that some intervessel pit membranes may locally have a higher or lower density of microfibrils as based on differences in the density of the black dots. AFM observations of hydrated pit membranes provide a more appropriate method than TEM for measuring microfibril density, and confirm that microfibrils show a highly variable density in wet pit membranes (Pesacreta et al. 2005 ; S. Jansen, pers. observations).
T PM and therefore the length of the intervessel pit membrane pore also affects its shape, as pores through thin membranes were found to be well approximated by assuming a cylindrical shape, while pores through thicker membranes are better approximated as slit-shaped. This difference is reflected in pore shape correction factors (κ) inserted into the Laplace-Washburn equation, which approach unity for cylindrical pores in thin membranes (i.e., κ is close to 1) and 0.5 for slit-shaped ones in thick membranes (see Fig. 2 in Schenk et al. 2015) . Therefore, air-seeding pressures for thin pit membranes with rather circular pores may be rather similar to slightly thicker pit membranes with slit-like pores, which could explain some of the variation found in the T PM -P 50 relationship.
The exact mechanisms of the air-seeding process remain unknown, but it was recently suggested that below the air seeding pressure that would break even the high surface tension of water in pit membrane pores and cause embolism, continuous streams of tiny nanobubbles could be snapping off in pores and pass into the sap without causing embolisms Schenk et al. 2015) . This paper concerns air seeding at higher (i. e., more negative) pressures that results in embolism, so it does not address potential movements of nanobubbles through pit membranes. The length, and the shape of the pit membranes pores, however, may affect the resistance of nanobubbles that might be trapped within the cellulose microfibril network or released in the more or less confined pit chamber.
Intervessel pit membrane thickness is affected by dehydration and frost
The second most important result of this study is that the general ultrastructure of pit membranes including T PM may undergo preparation artefacts when non-fresh samples are embedded for TEM. A similar conclusion was made based on comparison of air-dried and frozen material of Prunus species (Scholz et al. 2013a) , while residual strains of intervessel pit membranes were reported for four angiosperm tree species after inducing embolism in a centrifuge (Tixier et al. 2014) . Therefore, T PM values cannot be directly compared with each other when different preparation protocols are used, although support can be found for the T PM -P 50 relationship when a single preparation method has been applied Scholz et al. 2013a; Schuldt et al. 2016) . Ideally, further research on intervessel pit membranes and especially T PM should be based on fresh material that is directly prepared for TEM, as potential artefacts due to sample preservation by drying or freezing are then avoided. While additional observations are required for samples from the same plant to exclude intra-and interspecific variation, drying is suggested to result in higher shrinking effects than frost. Short-term frost (i.e., a few days or weeks) may show little or no difference in T PM compared to non-frozen samples.
More observations are also required to verify if changes in the spatial density of cellulose microfibrils occur due to embolism formation or frost in vivo. If this would be the case, drought-or frost-induced embolism formation may have a seasonal shrinking effect as shown for Liriodendron tulipifera (Fig. 3D) . Seasonality in pit membrane structure has received little attention, although intervessel pit membranes were reported to become more electron dense during later stages of the growing season, which might be associated with the deposition of substances that are filtered out from the xylem sap (Côté 1958; Schmid & Machado 1968; Wheeler 1981) . Seasonal changes in the chemical composition and pit membrane ultrastructure can be suggested to account for seasonal differences in P 50 (Kolb & Sperry 1999; Jacobsen et al. 2007; Jacobsen & Pratt 2014; B. Schuldt, unpublished data) . Moreover, increased microfibril density, porosity, and /or residual strains of intervessel pit membranes due to embolism are likely to explain air-seeding fatigue, which means that embolism resistance of vessels that were previously embolised will show a lower resistance to embolism formation after refilling than vessels that never embolised (Hacke et al. 2001b; Stiller & Sperry 2002; Christensen-Dalsgaard & Tyree 2014; Fukuda et al. 2015) . Besides looking at seasonal variation in P 50 , this hypothesis could easily be tested by comparing vulnerability curves for samples that are fully hydrated, partially dehydrated, or defrosted. More research is also needed to determine the implications of T PM and potential shrinking effects on the elasticity and stretching of intervessel pit membranes (Tixier et al. 2014) , which is likely different for fresh, wet pit membranes compared to dried material.
CONCLUSION
This paper provides clear evidence for a strong relationship between T PM and P 50 for a broad range of angiosperm species. However, this relationship is only supported for freshly fixated plant material due to considerable shrinking effects by dehydration, freezing, or alcohol treatment for sample preservation. This finding will contribute to better understanding the mechanisms behind drought-induced embolism formation in xylem, which is relevant given current concerns about climate change and large-scale tree mortality worldwide (Hartmann et al. 2015) .
